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PART SIX 

TROLLEY W I R E  MINE COMMUNICATIONS 

INTRODUCTION 

Th i s  p a r t  of t h e  f i n a l  r e p o r t  t r e a t s  some problems r e l a t e d  t o  c o a l  mine 
c a r r i e r  f requency communication systems us ing  t h e  t r o l l e y  w i r e l t r a c k  
t r ansmis s ion  l i n e .  This  work was undertaken f o r  a  b r i e f  pe r iod  of  t ime 
dur ing  t h e  summer of 1972 t o  h e l p  unders tand ,  q u a n t i f y ,  and improve some 
of t h e  t r o l l e y  w i r e  c a r r i e r  system behavior  observed and/or  p r e d i c t e d .  
Ca l cu l a t i ons  and e s t i m a t e s  of t ransmiss ion  l i n e  c h a r a c t e r i s t i c  impedance, 
inductance and capac i t ance  p e r  u n i t  l e n g t h ,  mine motor l oad ing  e f f e c t s ,  
p a r a l l e l  l i n e  e f f e c t s ,  and connect ion impedances a r e  p resen ted  i n  
Chapter I. Chapter I1 t r e a t s  t h e  des ign  of  r-f i s o l a t o r s  f o r  reducing 
t h e  undes i red  and troublesome r-f l oad ing  t h a t  mine motors p r e sen t  t o  
t h e  t r o l l e y  t r ansmis s ion  l i n e .  Chapter 111 t r e a t s  a  d i v e r s i t y  method 
f o r  combat t ing s t a n d i n g  wave n u l l s .  

I .  CALCULATIONS RELATED TO TROLLEY W I R E  COMMUNICATIONS 

A. ESTIMATION OF INDUCTANCE AND CAPACITANCE PER UNIT LENGTH OF 
TROLLEY LINES 

To e s t i m a t e  t h e  L and C pe r  u n i t  l e n g t h  of t r o l l e y  l i n e s ,  we use  t h e  
e c c e n t r i c  l i n e  model of Sec t i on  G of  t h i s  Chapter ,  " C h a r a c t e r i s t i c  Imped- 
ance Es t imates  f o r  Mine T r o l l e y  Lines . "  The capac i tance  pe r  u n i t  l e n g t h  
f o r  an e c c e n t r i c  l i n e  i s  g iven  by (1) 

-1 mi - cosh - 
Ri 

C where m '  = - ' 2  2  
1 2 [ (q l  - q2) + 1 1  

T r o l l e y  

(1) * Wire 

Surrounding 
Coal "Ground" 

C m = -  ' 2  2  
( 3 )  

FIGURE 1 ECCENTRIC LlNE MODEL 2 2 [ h l  - q2) - 1 1  OF TROLLEY LINE 

(1) E. Weber, E lec t romagnet ic  F i e l d s ,  Theory and App l i ca t i ons ,  Vol. 1, 
1957, pp. 119-121. 

* References  t o  F igu re s ,  Tables ,  and Equat ions  apply  t o  t hose  i n  t h i s  
Chapter  u n l e s s  o therwise  no ted .  
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The inductance p e r  u n i t  l ength  can be  obtained i n d i r e c t l y  by s u b s t i t u t i n g  
values  f o r  Z and C i n t o  t h e  c h a r a c t e r i s t i c  impedance express ion .  

0 

The va lues  f o r  Zo can be  ob ta ined  from Figure 20, which were computed 
us ing  t h e  fol lowing equa t ions  (2) 

z = -  -1 
60 cosh U 

0 112 
E 

S u b s t i t u t i n g  t h e  app rop r i a t e  va lues  f o r  h igh  and low c o a l  cond i t i ons ,  
we g e t :  

High Coal Low Coal 

B. EQUIVALENT CIRCUIT APPROXIMATION FOR THE 
TROLLEY POLE DROP WIRE TO M I N E  MOTORS 

Using t h e  e c c e n t r i c  t ransmiss ion  l i n e  model of Figure 1 which provides  a 
good approximation t o  t h e  t r o l l e y  t ransmiss ion  l i n e  c h a r a c t e r i s t i c  impedance, 
cons ider  t h e  e f f e c t  of a v e r t i c a l  t r o l l e y  po le  w i r e  t o  a motor, which is  i n  
t u r n  connected t o  ground v i a  t h e  r a i l s .  Figure 2 d e p i c t s  t h e  t r o l l e y  l i n e  

( 2 ) ~ ~ ~  Reference Data f o r  Radio Engineers ,  5 th  E d i t i o n ,  Chapter 22, 
Transmission L ines ,  pp . 22-24. 

*l r 
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and drop wi re  geometr ies ,  where t h e  c h a r a c t e r i s t i c  impedance i s  taken equa l  
t o  200 ohms and Z, i s  t h e  impedance of t h e  motor a t  t h e  t r o l l e y  phone f r e -  
quency . 

FIGURE 2 TROLLEY LINE MODEL 

The t r o l l e y  drop w i r e  and low impedance motor do no t  r ep re sen t  a  t r u e  o r  
i d e a l  s 'hor t  c i r c u i t  i n  t h i s  s i t u a t i o n ,  because t h e  f i e l d s  of a t r a v e l i n g  
wave a r e  - n o t  prevented from coupl ing t o  t h e  o t h e r  s i d e  of t h e  drop w i r e ,  
a s  would b e  t h e  ca se  i f  t h e  w i r e  were rep laced  by a  p e r f e c t l y  conducting 
p l a t e  ac ros s  t h e  whole haulageway cross -sec t ion .  Therefore ,  t h e  drop 
wi re  w i l l  a l low energy t o  be  i nduc t ive ly  coupled between the  s e c t i o n s  
of t r o l l e y  l i n e  on each s i d e  of t h e  drop w i r e ,  a l though t h i s  coupl ing 
w i l l  g ene ra l l y  b e  weak. 

Since t h e  dimensions of t h e  drop wi re  a r e  sma l l  compared t o  a  wavelength 
a t  88kHz, i t  can be  r ep re sen t ed  by a  lumped induc tance  shunt  e lement ,  
as  shown i n  F igure  3.  Ls, 

FIGURE 3 DROP WIRE AND EQUIVALENT SHUNT INDUCTANCE 
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The shunt  inductance c o n t r i b u t i o n  Ls of t h e  drop wire  was es t imated  by 
computing t h e  f l u x  produced by t h e  drop wire  over t h e  c ros s - sec t iona l  
a r e a  D l  x D2 shown i n  Figure 4 .  

Wire 

I--- D2 -4 

FIGURE 4 GEOMETRY FOR DROP WIRE 

where a is  t h e  w i r e  r a d i u s .  

L e t t i n g  a = 0.25 inches ,  and D2 = Dl = 5.5 f e e t  f o r  high coa l  and 4 fee t  
f o r  low c o a l ,  w e  ge t  

f o r  low c o a l  1.3ph 0.75s2 

where *L i s  t h e  a s s o c i a t e d  i nduc t ive  reac tance  a t .  88 kHz (shown i n  F igure  5) . 
S 

By comparison wi th  t he se  va lues  of shunt  r eac t ance ,  t h e  c h a r a c t e r i s t i c  
impedance of  t h e  t r o l l e y  l i n e  Zo 200 ohms, t h e  t r o l l e y  phone impedance 
ZT i s  a nominal 25 ohms, and t h e  magnitude of t h e  impedance Z, of t he  
motor i n  s e r i e s  wi th  t he  drop wi re  i s  a l l e g e d  t o  be on t h e  o rde r  of 0.5 
ohm when hau l ing  a t  nominal speed. More measurements of t h e  impedanc~  
behavior  of t y p i c a l  locomotive motors a t  t h e  t r o l l e y  phone f r equenc i e s  
of 88 and 100 kHz a r e  needed t o  confirm t h i s  reputed low impedance be- 
hav io r  and t o  determine whether i t  is  r e p r e s e n t a t i v e  f o r  d i f f e r e n t  motor 
i n s t a l l a t i o n s  on locomotives.  

T ro l l ey  Line 

I 

L 
0 

$ Tro l l ey  Phone (ZT) 
1 

1 I b 
FIGURE 5 TROLLEY LINE AND ASSOCIATED IMPEDANCES 

.* S" 
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C .  IMPEDANCE SEEN BY TROLLEY PHONES DUE TO CONNECTION METHOD 

The t r o l l e y  phones a r e  p r e s e n t l y  coupled t o  t h e  t r o l l e y  l i n e  by connect- 
i n g  them i n  p a r a l l e l  w i th  t h e  low impedance t r o l l e y  motors.  The connec- 
t i o n s  a r e  made r e l a t i v e l y  c l o s e  t o  t h e  motor t e rmina l s  s o  t h a t  l i t t l e  o r  
no advantage i s  taken  of any i n c r e a s e  i n  impedance o f f e r e d  by t h e  t r o l l e y  
pole  drop w i r e  induc tance .  F igure  6 i l l u s t r a t e s  t y p i c a l  geometry (6a) 
and an approximate e q u i v a l e n t  c i r c u i t  (6b) .  

- 
Trolley Wire 

v 

/Trolley Pole 
L 

1 =o > 
Motor 

Typical Geometry Approx. Equivalent Circuit 

FIGURE 6 TROLLEY PHONE CONNECTION TO TROLLEY WIRE 

Since  t h e  t r o l l e y  motor impedance a t  88kHz i s  r epo r t ed  t o  be on t h e  o r d e r  
of 0.5 ohms, t h e  motors w i l l  shunt  most of t h e  t r o l l e y  s i g n a l  away from 
t h e  t r o l l e y  l i n e .  By making t h e  connect ion f u r t h e r  up t h e  drop w i r e ,  t h e  
shunt  impedance p r e sen t ed  by t h e  motor can be i nc r ea sed  by t h e  drop w i r e  
i n d u c t i v e  r eac t ance .  The o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  p rov ide  an 
e s t i m a t e  of t h e  magnitude of  t h i s  p o t e n t i a l  i n c r e a s e  i n  impedance. 

To e s t i m a t e  t h e  shunt  and s e r i e s  impedance f o r  two d i f f e r e n t  connec t ions ,  
t h e  geometr ies  of  F igure  7 f o r  t h e  case  of h igh  c o a l  were used. 

FIGURE 7 MODEL GEOMETRIES 

Figure 7a approximates t h e  p r e s e n t  connect ion,  t ,  wh i l e  F igure  7b approx- 
imates  a connec t ion ,  t ' ,  t o  t h e  t op  of t h e  t r o l l e y  po l e .  A s  seen  from 
t h e  t r o l l e y  phone g e n e r a t o r ,  s i m p l i f i e d  induc tance  networks can be drawn 
a s  i n  F igu re  8 .  

Arthur l>  Little, Inc. 



Case A Case B 

FIGURE 8 MODEL INDUCTANCE NETWORK 

CASE A 

I n  Case A t h e  drop wi re  inductance formula ( 1 l ) o f  Sec t ion  C can b e  used 
f o r  computing L 

l a '  

where D' = D - 2a,  and r i s  t h e  w i r e  r a d i u s ,  i n  Figure 7a. The o t h e r  
0 

induc tance  components of Cases A and B can b e  es t imated  us ing  t h e  fo l lowing  
formula f o r  a  r ec t angu la r  loop from ~ e b e r ( 3 ) .  

where 2a,  2b a r e  t h e  l eng ths  of t h e  r e c t a n g l e  s i d e s  and d i s  t h e  w i r e  diameter .  

For Case A: D = 5.5 f t . ,  2a = 2b = 1 f t . ,  d  = 0.5 i n .  

Therefore  us ing  (12) we g e t ,  

and us ing  (13) , we g e t ,  L 0.8'h, (15) 

f o r  t h e  square  loop of F igure  7a. Now by s e p a r a t i n g  ou t  equa l  induc tance  
con t r ibu t ions  of 0 . 2 ~ h  f o r  each l e g  of t he  square  loop t o  form L and L3,, 2a 

we g e t  LZa = 0.6ph , Lja = 0.2ph. (16a,b) 

(3)E. Weber, "Electromagnetic F i e l d s ,  Theory and Appl ica t ions" ,  Vo1. 1, 
1957, p.  131-133. 
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CASE B 

For Case B :  2a = 5.5 f t . ,  2b = 1 f t . ,  d  = 0.5 i n .  Using Equat ion (13) f o r  
a  r e c t a n g u l a r  loop we g e t :  

By approximating t h e  induc tance  c o n t r i b u t i o n  of each s h o r t  r e c t a n g u l a r  l e g  
by t h e  0.2uh va lue  f o r  t h e  squa re  loop ca se ,  and t h e r e f o r e  a s s ign ing  1.7uh 
t o  each long  5.5 f t .  l e g ,  we g e t :  

Therefore ,  t h e  s i m p l i f i e d  equ iva l en t  c i r c u i t s  become a s  shown i n  F igure  9  
w i t h  t h e  i n d i c a t e d  impedance va lues  a t  88 kHz. These c i r c u i t s  a r e  n o t  
meant t o  be  exac t  r e p r e s e n t a t i o n s ,  b u t  s imple  approximations t o  p rov ide  
workable means f o r  e s t i m a t i n g  l i k e l y  e f f e c t s  on performance. A more exac t  
t rea tment  would i n c l u d e  t h e  i n f l u e n c e  of mutual coupl ing on t h e  s p e c i f i c a -  
t i o n  of equ iva l en t  c i r c u i t  components. 

Case A 
A 

T 
Case B 

FIGURE 9 EQUIVALENT CIRCUITS 

Rais ing  t h e  connect ion p o i n t ,  t ,  t o  t h e  t o p  of t h e  t r o l l e y  p o l e ,  t ' ,  
changes t h e  impedance l e v e l  from [Zm + 0 . 1  ohms (t-to-ground) t o  [Zm + 0.91 
ohms ( t l - to-ground) ,  an i n c r e a s e  of on ly  0 .8  ohms. I n  view of t h e  h igh  
200 ohm c h a r a c t e r i s t i c  impedance of  t h e  t r o l l e y  l i n e ,  and t h e  changing 
l i n e  impedance l e v e l s  produced a c r o s s  t h e  t '-to-ground connect ion a s  a  
r e s u l t  of o t h e r  normal l i n e  l o a d s ,  t h e  smal l  i n c r e a s e  of about  0 .8  ohms 
ob t a ined  by making connect ions  a t  t h e  t op  of t h e  t r o l l e y  p o l e  appears  t o  
be g r o s s l y  i n s u f f i c i e n t  t o  p rov ide  s i g n i f i c a n t  improvements i n  t r o l l e y  
phone performance . 

Arthur D Little, Inc. 



D.  INDUCTANCE OF AIR-CORE COILS 

U ~ t u n e d  a i r - co re  i nduc to r s  have been and a r e  s t i l l  used i n  some mines t o  
i s o l a t e  t h e  low impedance of r e c t i f i e r  power s u b s t a t i o n s  a t  t h e  t r o l l e y  
phone frequency of 88 khz. This  has  been accomplished by forming a c o i l  
i nduc to r  c o n s i s t i n g  of about t e n  t u r n s ,  t h r e e  f e e t  i n  diameter  and t h r e e  
f e e t  i n  l e n g t h ,  which is  p laced  i n  s e r i e s  wi th  t h e  s u b s t a t i o n s .  A good 
formula f o r  e s t i m a t i n g  t h e  approximate induc tance  of such a i r - c o r e  c o i l s  
is  given by 

where r i s  t h e  c o i l  r a d i u s  i n  i n c h e s ,  R i s  t h e  c o i l  l eng th  i n  i nches ,  and 
N i s  t h e  number of t u r n s .  For t h e  above descr ibed  c o i l ,  equa t i on  (20) 
p r e d i c t s  an  induc tance  va lue  of L = 62 ph, which r e s u l t s  i n  an i n d u c t i v e  
r eac t ance  of  34 ohms a t  88kHz. This  va lue  of r eac t ance  appa ren t l y  i s  s u f f i -  
c i e n t  t o  improve t r o l l e y  phone performance i n  many ca se s .  

By r e sona t i ng  such an a i r - co re  c o i l  w i th  a p a r a l l e l  c apac i t ance ,  rnuch l e s s  
induc tance  would b e  r equ i r ed  t o  produce t h e  d e s i r e d  impedance l e v e l .  For 
example, us ing  a c i r c u i t  w i th  a Q of 10 ,  a d e s i r a b l e  Q va lue  f o r  t r o l l e y  
phone a p p l i c a t i o n s ,  on ly  6.2ph a r e  needed t o  g e t  34 ohms of r eac t ance .  
Therefore  a c o i l  of t h e  same number of t u r n s  and l eng th  would need on ly  a 
diameter  of 8.5 i nches  i n s t e a d  of 36 inches  t o  produce t h e  6.2ph of induc t -  
ance.  I f  we f u r t h e r  assume t h a t  t h e  t u r n s  p e r  u n i t  l eng th  can be  i nc r ea sed  
by a t  l e a s t  a f a c t o r  of two f o r  t h e  s i z e  w i r e  r equ i r ed  t o  c a r r y  t h e  h igh  
c u r r e n t  l oads  of  c o a l  mine t r o l l e y  l i n e s ,  then  t h e  l eng th  of t h e  above 
8.5  inch  d iameter  c o i l  can b e  reduced from 36 t o  1 4  i nches .  Consequently,  
tuned a i r - co re  c o i l s  occupying about 112 cub i c  f o o t  of volume may b e  
p r a c t i c a l  a l t e r n a t i v e s  i n  some l o c a t i o n s  , t o  t h e  f e r r i t e  o r  i r o n  r f  i s o l a -  
t o r s  de sc r ibed  i n  Chapter 111. The i nc rea sed  s e n s i t i v i t y  of a i r - co re  c o i l  
behavior  t o  nearby metal s t r u c t u r e s ,  however, may s t i l l  make a i r - co re  c o i l s  
less a t t r a c t i v e  f o r  u se  i n  conf ined  spaces  as found i n s i d e  locomotives .  

E.  THE EFFECT OF AN ATTACHED PARALLEL DC FEEDER CABLE ON TROLLEY LINE 
CHARACTERISTIC IMPEDANCE 

A t  t h e  Bethlehem S t e e l  Marianna Mine i n  Uniontown, Pa . ,  we n o t i c e d  t h a t  
t h e  one m i l l i o n  c i r c u l a r  m i l  DC t r o l l e y  f e e d e r  cab l e  was made t o  run 
abovey p a r a l l e l  t o ,  and f r e q u e n t l y  connected t o  t h e  t r o l l e y  w i r e  a s  
shown i n  F igu re  10 .  

( 4 )  
ITT Reference Data f o r  Engineers ,  5 t h  E d i t i o n ,  Chapter 6 ,  Fundamentals 
of Networks, pp. 6-3. 

+"..~ 
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This kind of arrangement is sometimes used i n  mines t o  help maintain the  

Connecting/\ , 

Strap 

'(a) 

Cross-sectional View 

(b) 

Longitudinal View 

FIGURE 10 DC FEEDER CABLE AND TROLLEY WIRE GEOMETRIES 

DC l i n e  vol tage  by decreasing the  e f f e c t i v e  res i s t ance  of the  t r o l l e y  l i n e ,  
the  diameter of which is  only about 112 inch. Since t h i s  geometry increases 
the  e f f e c t i v e  diameter of the  t r o l l e y  wire as  f a r  as  the  r f  c h a r a c t e r i s t i c  
impedance of the l i n e  is  concerned, an est imate was made of how much t h e  
c h a r a c t e r i s t i c  impedance would be changed. An upper bound on t h i s  e f f e c t  
can be obtained by assuming t h a t  the  Figurelogeometry can be approximated 
by a cyc l indr ica l  w i r e  of 3" diameter centered a t  the  nominal 6" l e v e l  down 
from the  roof i n  a high-coal haulageway. Using equations 41a,b 

(22) 
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wi th  E = 1, d = 3", D = 6 ' ,  6 = 6", 

we g e t  Zo = 118 ohms, (24) 

which i s  about  one-half t h e  expected Z va lue  f o r  t h e  t r o l l e y  w i r e  wi thout  
0 

t h e  DC f eede r  cab l e .  

The t r o l l e y  w i r e  a t  t h e  Marianna mine was d i sp l aced ,  a s  i s  customary, about 
one f o o t  t o  t h e  o u t s i d e  of t h e  r a i l s  a s  opposed t o  be ing  cen t e r ed  above and 
between t h e  r a i l s  a s  we f i r s t  assumed. The u t i l i t y  of t h e  e c c e n t r i c  l i n e  
model of F igure  ( 1 )  f o r  such p r a c t i c a l  t r o l l e y  l i n e  geometr ies  should n o t  
be  impaired,  b u t  i n  f a c t  may even make t h e  model more r e p r e s e n t a t i v e .  

The lower Z value  computed f o r  t h e  case  of t h e  DC f eede r  cab l e  a t tachment  
a l s o  supporgs a measurement of  n e t  t r o l l e y  l i n e  impedance a s  seen  from our  
p o s i t i o n  n e a r  t h e  shop a r e a  t e rmina t i on  of t h e  l i n e .  F igure  11 i l l u s t r a t e s  
t h e  t r a c k  and t r o l l e y  l i n e  r o u t i n g  i n  
t h a t  immediate a r e a .  T ro l l ey  l i n e  con- 
t i n u i t y  was maintained a t  t h e  i n d i c a t e d  
b ranchings . Since  a l l  t h e  d i s t a n c e s  
t o  t h e  branchings were sma l l  compared t o  
wavelength a t  88kHz, t h e  network can be  
cons idered  a s  f i v e  l i n e s  i n  p a r a l l e l .  
I f  we f u r t h e r  assume t h a t  each i n d i v i d u a l  
branch l i n e  looks matched i n  a cha rac t e r -  
is t i c  impedance va lue  of 118 ohms, then  
t h e  n e t  impedance seen  a t  t h e  s t a r r e d  
shop l o c a t i o n  should  b e  c l o s e  t o  24 ohms. 
A va lue  of 22 ohms was measured w i th  t h e  
PMSRC impedance measuring box. Fu ture  
measurements should  r e v e a l  whether t h i s  
was j u s t  a coincidence.  

Shop Open C i r c u i t  
Terminat ion of Line 

FIGURE 11 TROLLEY LINE ROUTING 
NEAR SHOP AREA 
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F. SOME TROLLEY LINE IMPEDANCE BEHAVIOR PREDICTED BY TRANSMISSION 
LINE THEORY 

For a  gene ra l  l o s s y  t r ansmis s ion  l i n e ,  t h e  v o l t a g e  and c u r r e n t  a long  
t h e  l i n e  a r e  given by 

where y =  a + j B  i s  t h e  propaga t ion  cons t an t  and Z = R + j X o  i s  t h e  
0 

c h a r a c t e r i s t i c  impedance. 

Pu t  i n  t h e  c l a s s i c a l  convient  form, we have 

'- 2 a z j 2 p z  
where r ( z )  = - e  e  j Z B z ,  i s  t h e  r e f l e c t i o n  (29) v .  = r ~ e  

c o e f f i c i e n t  a t  an  a r b i t r a r y  p o i n t  z  on t h e  l i n e ,  and 

v - 
r ( 0 )  = = -  r~ V+ 

i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  of t h e  l oad  t e r -  (30) 

minat ing t h e  l i n e  a t  z  = o. 
(0) = rL can be  computed u s ing  

- - L -  0 

r~ ZL + z , where Z i s  t h e  impedance of t he  load .  
0 

L  

The geometry i n  ques t i on  i s  shown i n  F igure  12 .  

FIGURE 12 TRANSMISSION LINE AND LOAD IMPEDANCE 
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A t  a d i s t a n c e  l l g , ' l  away from t h e  load (e .  g . z = -&) , we ge t  

s o  t h a t  t h e  l i n e  impedance presen ted  t o  a gene ra to r  a t  z = -2  i s  given by 

Z (-2) can be convenient ly  p l o t t e d  i n  normalized form z ( -2)  /zo 
on a Smith Chart  t o  examine i t s  behavior  a s  a func t ion  of l i n e  l e n g t h ,  
f requency,  and the  i n t r o d u c t i o n  of s e r i e s  and p a r a l l e l  loads .  

The propagat ion cons t an t  and c h a r a c t e r i s t i c  impedance a r e  given by t h e  
fol lowing express ions .  

Propagat ion Constant Cha rac t e r i s  t i c  Impedance 

where R ,  G ,  L,  C a r e  t h e  normal p e r  u n i t  l ength  e l e c t r i c a l  parameters  of 
t h e  t ransmiss ion  l i n e .  

A t  f i r s t  g lance  i t  appears  t h a t  mine t r o l l e y  l i n e s  can be  considered "low 
lo s s "  l i n e s ,  having c h a r a c t e r i s t i c  impedances t h a t  a r e  e s s e n t i a l l y  r e a l ,  
and l o s s l e s s  propagat ion cons t an t s  y = j f 3  = j 2-rr/X modified by a sma l l  
a t t e n u a t i o n  f a c t o r  a ,  y = a + j B .  Sorrie i n v e s t i g a t o r s  have observed a t tenua-  
t i o n  r a t e s  on t h e  o r d e r  of 2 db p e r  mi le .*  This  i s  about 4 db p e r  wavelength 
a t  88 kHz, t h e  wavelength be ing  approximately 11,000 f e e t .  

Using these  va lues  of wavelength and a t t e n u a t i o n ,  t h e  l i n e  impedance behavior  
produced by a s h o r t  c i r c u i t  p laced  ac ros s  t h e  l i n e ,  a s  a func t ion  of d i s t a n c e  
away from t h e  s h o r t  c i r c u i t  has  been p l o t t e d  on a Smith Chart  i n  F igure  1 3  . 
A s h o r t  c i r c u i t  was chosen a s  a f i r s t  approximation t o  a DC r e c t i f i e r  power 
s u b s t a t i o n ,  and poss ib ly  a locomotive motor. 

* More d a t a  a r e  needed t o  determine whether t h i s  va lue  i s  a r e p r e s e n t a t i v e  
one f o r  d i f f e r e n t  mines and i n s t a l l a t i o n s .  
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FIGURE 13 LOCUS OF NORMALIZED IMPEDANCE Z/Zo ALONG LINE -CASE 1 
For: Short Circuit Termination (Load) 

Frequency - 88 kHz 
Attenuation Factor: a = 4 dB per h 

( 2 dB/mile) 
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The Smith Chart  i s  used he re  a s  an impedance c h a r t  s o  t h a t  a  s h o r t  c i r c u i t  
of zero  impedance occurs  a t  t h e  l e f t  hand s i d e  of t h e  r e a l  (ho r i zon ta l )  
a x i s .  The reac tance  a x i s  runs along t h e  circumference,  i nduc t ive  r e a c t -  
ance occu r r ing  i n  t h e  t o p  hemisphere and capac i t i ve  r eac t ance  i n  t h e  
lower.  The r e a l  and imaginary impedance va lues  a r e  normalized t o  t h a t  of 
t h e  c h a r a c t e r i s t i c  impedance, Z . Distances expressed i n  f r a c t i o n s  of a  

0 
wavelength from t h e  load  moving towards t h e  genera tor  a r e  a l s o  found 
along t h e  circumference.  Rota t ion  once around t h e  c h a r t  r ep re sen t s  one- 
h a l f  wavelength of t r a v e l .  The v e c t o r  drawn from the  c e n t e r  of t h e  c h a r t  
t o  any normalized impedance p o i n t  i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  r .  The 
c e n t e r  of t h e  c h a r t  Z / Z o  = 1 + j O  de sc r ibes  t h e  impedance Z = Z name- 

0' l y  t h a t  of a  l i n e  matched t o  i t s  c h a r a c t e r i s t i c  impedance Z . Slnce power 
0 

s u b s t a t i o n s  a r e  spaced roughly a  mi le  a p a r t  i n  t y p i c a l  coa l  mines, t h e  i m -  
pedance behavior  has  been p l o t t e d  up t o  one mile  away, which i s  roughly 
1 /2  wavelength a t  88kHz. A s h o r t  c i r c u i t  ZL = 0 r ep re sen t s  a  r e f l e c t i o n  
c o e f f i c i e n t  rL = -1. I f  t h e  a t t e n u a t i o n  f a c t o r  were ze ro ,  t h e  r 
v e c t o r  would b e  r o t a t e d  a t  cons tan t  amplitude around t h e  c h a r t  a s  t h e  d i s -  
tance from t h e  s h o r t  i nc reased ,  thereby g iv ing  r i s e  t o  only r e a c t i v e  com- 
ponents of l i n e  impedance. Since t h e  a t t e n u a t i o n  f a c t o r  i s  no t  ze ro ,  b u t  
on t h e  o rde r  of 4db p e r  wavelength, t h e  r v e c t o r  w i l l  be  reduced i n  s i z e  by 
twice t h i s  f a c t o r  a s  p re sc r ibed  by equa t ion  (29) ,  thereby producing 
both r e s i s t i v e  and r e a c t i v e  components of l i n e  impedance a s  t h e  v e c t o r  i s  
r o t a t e d  around t h e  c h a r t .  

Examination of t h e  Smith Chart  p l o t  of F igu re13  r evea l s  s e v e r a l  i t ems  of 
i n t e r e s t .  It apparen t ly  i s  common p r a c t i c e  i n  some mines t o  p l ace  t h e  d i s -  
p a t c h e r ' s  t r o l l e y  phone s t a t i o n  about 1000 f e e t  from t h e  DC s u b s t a t i o n s  i n  
o rde r  t o  g e t  s a t i s f a c t o r y  performance. From Figure13  we s e e  a  hea l thy  i m -  
pedance l e v e l  of Z = 16 + j 146 ohms i s  ob ta inab le  1100 f e e t  away from a  
s u b s t a t i o n  s h o r t  c i r c u i t  placed ac ros s  a  Z = 200 ohm t r o l l e y  l i n e .  Even 

0 
i f  t h e  Zo  i s  on t h e  o rde r  of 100 ohms a s  may be t h e  case  i n  t h e  Marianna 
mine, Z = 8 + j 72 ohms would be a v a i l a b l e .  These r e a c t i v e  impedance 
va lues  should b e  more than enough t o  a l low s a t i s f a c t o r y  t r o l l e y  phone 
s i g n a l s  t o  b e  pu t  onto t h e  t r o l l e y  l i n e  from a  25 ohm t r ansmi t t e r ,  i f  t h e  
t r a n s m i t t e r  i s  no t  adverse ly  a f f e c t e d  by r e a c t i v e  l oads ,  thereby suppor t ing  
t h e  above p r a c t i c e .  F igure  13 a l s o  i n d i c a t e s  t h a t  a  mobile u n i t  should en- 
counter  i t s  worst  performance, due t o  t h e  presence of a  low impedance sub- 
s t a t i o n  o r  mine motor, when t h e  mobile i s  i n  t h e  immediate v i c i n i t y  of t h e  
s u b s t a t i o n  o r  motor, say  w i t h i n  about 100 f e e t .  Once beyond t h e  very low 
impedance reg ion  n e a r  t h e  s u b s t a t i o n  o r  motor, t h e  magnitude of t h e  imped- 
ance w i l l  n o t  decrease  below t h e  46 ohm l e v e l  found a t  t h e  one-half wave- 
length  d i s t a n c e ,  f o r  t h e  l i n e  descr ibed .  The f i n i t e  a t t e n u a t i o n  f a c t o r  
makes t h e  impedance locus  gradua l ly  s p i r a l  i n  towards t h e  c e n t e r  of t h e  
Smith Chart .  This  prevents  t h e  impedance from going t o  zero  aga in  a t  t h e  
h a l f  wave l eng th  d i s t ances  ,and even tua l ly  makes Z approach t h e  Z va lue  i f  

0 no o t h e r  impedances a r e  p laced  ac ros s  t h e  l i n e .  The f i n i t e  a t t e n u a t i o n  
f a c t o r  a l s o  prevents  i n f i n i t e  va lues  of impedance from occur r ing  a t  t h e  
q u a r t e r  wavelength d i s t a n c e s ,  a  maximum of 1700 ohms being t h e  upper l i m i t  
a t  h / 4  f o r  t h e  case  descr ibed .  
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One l a s t  c a se  of i n t e r e s t  i s  t h a t  of a  25 ohm r e s i s t i v e  t r o l l e y  phone load .  
The impedance v a r i a t i o n  as  a  f u n c t i o n  of l i n e  l e n g t h  f o r  t h e  25 ohm r e s i s -  
t i v e  l oad  h a s  been p l o t t e d  i n  F igure  1 4 .  Note t h a t  r e a c t i v e  impedances a r e  
s t i l l  produced, b u t  t h a t  t h e  maximum impedance l e v e l  achieved ( a t  ~ / 4 )  i s  
h a l f  of t h a t  f o r  t h e  s h o r t  c i r c u i t  c a s e ,  wh i l e  t h e  ~ / 2  impedance va lue  has  
been i nc r ea sed  by h a l f  aga in  over  t h a t  f o r  t h e  s h o r t  c i r c u i t  c a se ,  f o r  t h e  
l i n e  i n  ques t i on .  The e f f e c t s  of p l ac ing  a d d i t i o n a l  25 ohm and/or  s h o r t  
c i r c u i t  "mobile" loads  ac ros s  t h e  l i n e  a t  a r b i t r a r y  l o c a t i o n s  can a l s o  
b e  t r e a t e d .  This  can most convenien t ly  be  done by us ing  t h e  Smith Chart  
a s  an admit tance c h a r t ,  which al lows t h e  a d d i t i o n  of p a r a l l e l  admitances 
i n  a  s imple  manner g r a p h i c a l l y .  However, one can g e t  a  good f e e l  f o r  t h e  
impedance behavior  expected a t  an a r b i t r a r y  a t tachment  p o i n t  between two 
loads  on a cont inuous l i n e  by p l ac ing  t o  t h e  l e f t  of t h e  z = -R p o i n t  of 
Figure  1 2 ,  a  second l i n e  s e c t i o n  of  l e n g t h  R '  and l oad  a p p r o p r i a t e  t o  
what i s  p r e s e n t  t o  t h e  l e f t  of t h e  a t t a chnen t  p o i n t ;  computing th'e impedance 
seen  looking  t o  t h e  l e f t  ZR p e r  F igures  1 3  and 14 ;  and summing them t o g e t h e r  
as a  p a r a l l e l  impedance connect ion.  
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FIGURE 14 LOCUS OF NORMALIZED IMPEDANCE 212, ALONG LINE - CASE 2 

For: 25 ohm Resistive Termination (Load) 
Frequency - 88 kHz 
Attenuation Factor: a = 4 dB per A 

(2 dB/mile) 
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G. CHARACTERISTIC IMPEDANCE ESTIMATES FOR MINE TROLLEY LINES 

The c h a r a c t e r i s t i c  impedance of a uniform t ransmiss ion  l i n e  i s  given by 

where w i s  t h e  r ad i an  frequency,  R and L a r e  t h e  s e r i e s  r e s i s t a n c e  and induc- 
t ance  pe r  u n i t  l e n g t h ,  and G and C a r e  t h e  shun t  conductance and capac i tance  
p e r  u n i t  l e n g t h .  For l o s s l e s s  l i n e s ,  which most p r a c t i c a l  l i n e s  approach, 
R and G = 0.  Then Zo reduces t o  

and t h e  c h a r a c t e r i s t i c  impedance i s  a func t i on  only of t h e  c r o s s - s e c t i o n a l  
geometry and t h e  d i e l e c t r i c  and magnetic p r o p e r t i e s  of t h e  c ro s s - s ec t i ona l  
media. 

To g e t  a f i r s t - o r d e r  a n a l y t i c a l  e s t i m a t e  of Z f o r  t r o l l e y  l i n e s  i n  coa l  
mines,  l o s s e s  were neg l ec t ed  and t h e  mine hadageway geometry approximated 
by some c l a s s i c a l  geometr ies  f o r  which equa t ions  a r e  r e a d i l y  a v a i l a b l e  f o r  

zo . The t r o l l e y  haulageway c ros s - s ec t i ons  i n  Figure  15  a r e  cons idered  
r e p r e s e n t a t i v e .  

Low Coal 
I 

High Coal 
I 

The t r o l l e y  t ransmiss ion  l i n e  c o n s i s t s  of an overhead t r o l l e y  w i r e  i s o l a t e d  
from t h e  haulageway c e i l i n g ,  t o g e t h e r  w i t h  two t r o l l e y  r a i l s  s e rv ing  a s  
r e t u r n  pa th  conduc tors .  The r a i l s  a r e  i n  t u r n  grounded t o  t h e  c o a l  which 
has  a moderate conduc t iv i t y  ranging from about 10-I t o  mhdlmeter. 
So t h e  sur rounding  c o a l  may produce behavior  s i m i l a r  t o  t h a t  of  a ground 
p lane  i n  p l a c e  of t h e  r a i l s ,  o r  t h a t  of  a sur rounding  conduct ing s h i e l d .  

r o l l e < j i e  1 ;:a1 irolley & c o a l  
6 - 
t 

6" 

4 '  6 '  1 /2"=d  
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Rai 1s R a i l s  
v 

+--+ Coal It----H Coal 

3 - 4 '  3 - 4'  
( a )  (b ) 

FIGURE 15 CROSS-SECTIONAL VIEWS OF TROLLEY LINE GEOMETRIES 



1. Impedances f o r  Approximate Geometries 

TWO geometr ies ,  wi th  r e a d i l y  a v a i l a b l e  equa t ions  f o r  Z o ,  t h a t  may approx- 
imate t h e s e  t r o l l e y  wi re  s i t u a t i o n s ,  a r e  shown i n  F igures  16 and 17.  
Figure 16 is Case 1, an e c c e n t r i c  sh i e lded  l i n e ,  and Figure 17 is Case 2 ,  
a  s i n g l e  w i r e  above a  ground p lane .  Two o t h e r  cases  t h a t  do no t  inc lude  
the  e f f e c t s  of t h e  surrounding c o a l  a r e  a l s o  inc luded  f o r  ready comparison. 
They a r e  Case 3 ,  t h e  open two-wire l i n e  wi th  unequal diameters  i n F i ~ u r e  18 
and Case 4 ,  open two-wire l i n e  w i th  equa l  diameters  i n  F igure  19 .  

Case 1: Eccen t r i c  Line 

D(variab1e) 3 t o  10 f t . ,  6 = 3" low c o a l ,  6" high c o a l  

Case 2 :  S ing l e  Wire Above a  Ground Plane 

138 z = -  
0 €15 

loglO ( 4 ~ / d )  f o r  d<<h 

E = 1, d = 0.46" nominal diameter  of  0000 t r o l l e y  wi re  

D(variab1e) 3  t o  10 f t .  - (low t o  high coa l )  

Case 3: Open Two-Wire Line w i th  Unequal Diameters 

z = -  -1 
60 cosh N 

0 E14 

E = 1, d2 = 0.46", D(variab1e) - 3 t o  10 f t .  

Do f o r  two va lues  of d  
1 

d; = 4.6" approximate diameter  of a  s i n g l e  r a i l  

dy = 46" approximate maximum s e p a r a t i o n  between r a i l s - -  
assuming a  cy l inde r  of t h a t  diameter  
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Eccentric Line lt 0-4 

FIGURE 16 CASE 1 

Single wire, near ground 

For d<< D 

FIGURE 17 CASE 2 

Balanced 2-wire-unequal diameters 

Source: I TT Reference Data for Radio Engineers, P - 7  
5th Edition Chapter 22 

FIGURE 18 CASE 3 

FIGURE 19 CASE 4 
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Case 4: O ~ e n  Two-Wire L i n e  

-1 Z = 120 cosh ( ~ / d )  
0 

d  = 0.46",  D(var i ab1e)  - 3 t o  10  f e e t .  

The computed v a l u e s  of c h a r a c t e r i s t i c  impedance f o r  each  c a s e  a r e  p r e s e n t e d  
i n  F i g u r e  20 f o r  c o n v e n i e n t  comparison of  l i m i t s ,  t r e n d s ,  and e f f e c t s  of  
n e a r b y  c o n d u c t i n g  w a l l s  o r  f l o o r s .  

2 .  D i s c u s s i o n  o f  R e s u l t s  

Examination of  F i g u r e 2 0  and t h e  e q u a t i o n s  r e v e a l s  t h a t  once  t h e  s p a c i n g  D 
becomes l a r g e  compared t o  t h e  t r o l l e y  w i r e  d i a m e t e r  d ,  t h e  c h a r a c t e r i s t i c  
impedance i s  n o t  v e r y  s e n s i t i v e  t o  f u r t h e r  i n c r e a s e s  i n  D.  Fu r the rmore ,  
t h e  o v e r s i m p l i f i e d  g e o m e t r i e s  of  Cases 3 and 4  g i v e  v a l u e s  o f  Zo t h a t  f a r  
exceed any l i n e  impedance v a l u e s  a p p a r e n t l y  encoun te red  t o  d a r e  i n  mines .  
Case 2 ,  a l t h o u g h  g i v i n g  lower  v a l u e s ,  s t i l l  a p p e a r s  somewhat h i g h .  Only 
Cases l a  and l b  approach t h e  h i g h  s i d e  o f  t h e  impedance v a l u e s  t h a t  have  
been obse rved  e x p e r i m e n t a l l y  by p a s t  i n v e s t i g a t o r s  on t r o l l e y  l i n e s  under  
t y p i c a l  c o n d i t i o n s .  Zo f o r  t h e  Case 1 s t r u c t u r e  i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  b o t h  t h e  r o o f - t o - f l o o r  d i s t a n c e  D and t h e  d i s t a n c e  d  of t h e  t r o l l e y  w i r e  
from t h e  r o o f ,  f o r  v a l u e s  t y p i c a l  o f  t h o s e  found i n  mines.  S i m i l a r l y ,  o t h e r  
i n v e s t i g a t o r s  have  e x p e r i m e n t a l l y  obse rved  o n l y  s m a l l  changes i n  t r o l l e y  
l i n e  Zo b e h a v i o r  under  b o t h  h igh  and low c o a l  c o n d i t i o n s .  

The above c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  Z 's of l o s s l e s s  l i n e s  w i t h  geo- 
m e t r i e s  and dimensions  s i m i l a r  t o  c o a l  ming t r o l l e y  l i n e s  w i l l  n o t  f a l l  
much below abou t  200 ohms. The p r e s e n c e  of s u b s t a n t i a l  d i s t r i b u t e d  s h u n t  
l o s s ,  G ,  w i t h  i t s  c o r r e s p o n d i n g  h i g h  a t t e n u a t i o n ,  cou ld  r educe  Zo  d ramat i -  
c a l l y  from i t s  l o s s l e s s  l i n e  v a l u e .  However, o t h e r  i n v e s t i g a t o r s  have  
o b s e r v e d . o n l y  l i t t l e  a t t e n u a t i o n  (approx imate ly  2db p e r  m i l e )  on l o n g  r u n s  
of  t r o l l e y  l i n e .  Consequent ly  , t h e  v a r i a b l e  impedance v a l u e s  ( g e n e r a l l y  
below 200 ohms) o f t e n o b s e r v e d  on t r o l l e y  l i n e s ,  a r e  most l i k e l y  caused  by 
t h e  moving low impedance motor l o a d s  p l a c e d  a c r o s s  t h e  t r o l l e y  l i n e s  v i a  
locomot ive  t r o l l e y  p o l e s .  T h e r e f o r e ,  i n  o u r  q u e s t  f o r  a  s o l u t i o n  t o  motor 
l o a d i n g ,  t h e  Case 1 e c c e n t r i c  l i n e  s t r u c t u r e  w i t h  a  nominal  Z v a l u e  o f  

0 
Zo = 200 ohms, p r e s e n t l y  looks  l i k e  a  r e a s o n a b l e  approx imat ion  t o  use  f o r  
haulageway t r o l l e y  l i n e s .  
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11. RF ISOLATORS FOR MINE MOTORS 

A. BACKGROUND 

The mine t r o l l e y  phone systems p r e s e n t l y  i n  use  can f r e q u e n t l y  s u f f e r  from 
low s i g n a l  s t r e n g t h  problems a t t r i b u t e d  t o  t r o l l e y  motors a c t i n g  a s  ex t remely  
low impedances a c r o s s  t h e  t r o l l e y  l i n e  s i g n a l  p a i r  used f o r  t h e  t r a n s m i s s i o n  
of c a r r i e r  communication s i g n a l s .  To o b v i a t e  t h e  problem caused by t h e s e  low 
impedance " s h o r t s " ,  i t  i s  d e s i r a b l e  t o  add impedance i n  series w i t h  t h e  t r o l -  
l e y  motors ,  t h u s  p r e v e n t i n g  each t r o l l e y  motor from a c t i n g  a s  a  s i g n a l  " shor t " .  

The most s e v e r e  problem m e t  i n  implementing such a  scheme i s  due t o  t h e  f a c t  
t h a t ,  w h i l e  p r o v i d i n g  t h e  added impedance a t  t h e  c a r r i e r  f requency ( t y p i c a l l y  
88 kHz o r  100 kHz), i t  must: a c t  a s  a n  extremely low r e s i s t a n c e  a t  d c ,  b e  
a b l e  t o  p a s s  up 2000 amperes wi thou t  s u s t a i n i n g  damage, and b e  a b l e  t o  main- 
t a i n  i t s  88 kHz impedance l e v e l  w h i l e  p a s s i n g  i n  e x c e s s  o f  400 dc  amperes.* 

B .  APPROACH 

Techniques t h a t  have been used i n  power and e l e c t r o n i c  sys tems s u g g e s t  a  
means of adding t h e  d e s i r e d  impedance t o  a  t r o l l e y  w i t h o u t  imposing d i f f i c u l -  
t ies  i n  i n s t a l l a t i o n  o r  any added dc  r e s i s t a n c e .  One o f  t h e s e  t echn iques  i s  
t h e  u s e  of a  s i n g l e - t u r n  t r a n s f o r m e r  winding,  such a s  t h e  c u r r e n t  t r a n s f o r m e r s  
w i t h  s i n g l e - t u r n  p r i m a r i e s  commonly used i n  power moni to r ing  systems.  A 
second techn ique  i s  one commonly used i n  d i g i t a l  e l e c t r o n i c  p r i n t e d  c i r c u i t  
boards .  Most of t h e  c i r c u i t s  found on t h e s e  boards  a r e  extremely s e n s i t i v e  
t o  e l e c t r i c a l  s p i k e s  t h a t  occur  on power supp ly  l i n e s .  F r e q u e n t l y ,  u s e  i s  
made of a  f e r r i t e  t o r o i d  t o g e t h e r  w i t h  a  c a p a c i t o r .  The power supp ly  l e a d  
i s  fed  through t h e  t o r o i d ,  t h u s  adding i n d u c t a n c e  t o  t h e  power supp ly  l i n e .  
Th i s  i n d u c t a n c e ,  combined w i t h  t h e  c a p a c i t o r ,  s e r v e s  t o  b l o c k  t h e  v o l t a g e  
s p i k e s  from p e n e t r a t i n g  t o  t h e  s e n s i t i v e  c i r c u i t  e l ements .  

*We have s i n c e  l e a r n e d  t h a t  a  400 ampere o p e r a t i n g  c u r r e n t  i s  more t y p i c a l  
of s m a l l  10-12 t o n  locomotives  on 600V DC t r o l l e y  l i n e s ,  and n o t  of t h e  more 
impor tan t  50-ton locomotives  on 300V dc  l i n e s  which w i l l  draw 300:-4000 amperes 
under f u l l  l o a d  c o n d i t i o n s .  Under t h e s e  3000-4000 amperes c u r r e n t  c o n d i t i o n s ,  
t h e  i s o l a t o r s  des igned f o r  400 ampere dc  c u r r e n t s  w i l l  s a t u r a t e  and be  t o t a l l y  
i n e f f e c t i v e .  I f  p r o v i s i o n s  a r e  made t o  p r e v e n t  s a t u r a t i o n  u n t i l  beyond 4000 
amperes by i n c r e a s i n g  t h e  c o r e  a i r  gap,  t h e  i s o l a t o r s  i n  the!r p r e s e n t  con- 
f i g u r a t i o n  w i l l  have t o  b e  i n c r e a s e d  beyond t h e i r  p r e s e n t  o v e r a l l  l e n g t h  of 
6  i n c h e s  by abou t  a  f a c t o r  of 10 t o  m a i n t a i n  t h e  r e q u i r e d  induc tance  t o  pro- 
duce t h e  d e s i r e d  20 ohm i s o l a t o r  impedance a t  88kHz. The c o s t ,  l e n g t h ,  and 
weigh t  of such a  4000 ampere u n i t  i s  no l o n g e r  a s  a t t r a c t i v e  a s  t h e  400 ampere 
u n i t ,  and a s  such  i s  probab ly  a n  i m p r a c t i c a l  i s o l a t o r  s o l u t i o n  f o r  50-ton 
locomotives .  S p e c i a l  f e r r i t e  c a s t i n g s  t o  improve t h e  c o r e  geometry, and t h e r e -  
f o r e ,  reduce t h e  o v e r a l l  volume of t h e  c o r e  may b e  p o s s i b l e ,  b u t  s i g n i f i c a n t  
r e d u c t i o n s  i n  volume d o n ' t  l o o k  t o o  promising upon f i r s t  examinat ion.  
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of how such a  t echn ique  can be  a p p l i e d  t o  t h e  t r o l l e y  problem 
F i g u r e  1A.* F i g u r e  l B *  shows an  e q u i v a l e n t  c i r c u i t  f o r  t h e  

F i g u r e  1 A .  I n  t h i s  e q u i v a l e n t  c i r c u i t ,  t h e  t e rmina l - to -  
t e r m i n a l  impedance is  t h a t  which i s  added i n  series w i t h  t h e  t r o l l e y .  It 
should be  n o t e d  t h a t  t h e  magnet ic  element does  n o t  a f f e c t  t h e  t r o l l e y  c a b l e  
i n  terms of d c  r e s i s t a n c e ,  s i n c e  t h e  c a p a c i t o r  and r e s i s t o r  a r e  i n d u c t i v e l y  
coupled t o  t h e  c o r e  a s  opposed t o  be ing  connected t o  t h e  t r o l l e y  w i r e .  The 
e q u i v a l e n t  c i r c u i t  shows t h a t  t h e r e  can b e  c o n s i d e r a b l e  impedance a t  t h e  
c a r r i e r  f requency i f  t h e  c i r c u i t  i s  tuned t o  t h e  c a r r i e r .  The c a p a c i t o r  i s  
used t o  accomplish t h i s  t u n i n g ,  w h i l e  t h e  r e s i s t o r  i s  used t o  set  t h e  Q o r  
q u a l i t y  f a c t o r  of t h e  c i r c u i t ,  and t h u s  t h e  c i r c u i t  impedance ( Z  = QwoL) a t  
t h e  c a r r i e r  f requency  . 
There  a r e  two problems a s s o c i a t e d  w i t h  implemeting t h i s  scheme. F i r s t ,  and 
most i m p o r t a n t ,  t h e  magnet ic  c o r e  i s  s u b j e c t  t o  s a t u r a t i o n  by t h e  v e r y  sub- 
s t a n t i a l  dc  c u r r e n t s  drawn by t h e  t r o l l e y  motors.  Secondly,  t h e  t r a n s f o r m e r  
must have s u f f i c i e n t  Q a t  t h e  c a r r i e r  f requency  i n  o r d e r  t h a t  t u n i n g  w i l l  pro- 
duce t h e  d e s i r e d  impedance v a l u e .  

W e  have i n v e s t i g a t e d  s e v e r a l  m a t e r i a l s  which seemed t o  b e  p o t e n t i a l l y  a p p l i -  
c a b l e  f o r  t h i s  u s e ,  and t h e  f o l l o w i n g  c o n c l u s i o n s  app ly :  

1. Powdered i r o n  c o r e s .  I n  p r i n c i p l e  t h e s e  c o r e s  w i l l  perform 
t h e  f u n c t i o n ;  however, t h e  c o s t  i s  h i g h .  

2.  Laminated t r a n s f o r m e r  i r o n .  The e f f e c t i v e  p and q u a l i t y  
f a c t o r  a t  88kHz a r e  m a r g i n a l ,  w h i l e  t h e  c o s t  and weight: 
a r e  a l s o  h igh .  

3. F e r r i t e  m a t e r i a l s .  The c o s t  i s  moderate ,  t h e  p and 
q u a l i t y  f a c t o r s  a r e  adequa te ,  b u t  t h e  s a t u r a t i o n  l e v e l s  
m a r g i n a l  f o r  t r o l l e y  a p p l i c a t i o n s .  

The f o l l o w i n g  t a r g e t  s p e c i f i c a t i o n s  were s e t  by u s  f o r  an r f  i s o l a t o r  of t h i s  
t y p e  : 

. DC c u r r e n t  r a t i n g :  0  t o  2000 amperes (wi thou t  damage 
t o  c i r c u i t ) .  

. DC o p e r a t i n g  c u r r e n t :  0  t o  400 amperes (impedance w i l l  
b e  w i t h i n  - + 30% of t a r g e t ) .  

. Impedance: Larger  t h a n  20 ohms a t  88kHz o r  a t  100kHz. 

. Bandwidth: 8.8kHz o r  10kHz. 

* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  app ly  t o  t h o s e  i n  t h i s  
Chap te r  u n l e s s  o t h e r w i s e  n o t e d .  

Arthur D Little, Inc 



Trolley Wire 

FIGURE 1A REPRESENTATION O F  SINGLE-TURN COUPLED IMPEDANCE 
ELEMENT INSTALLED O N  A TROLLEY POLE 

FIGURE 1 6  EQUIVALENT CIRCUIT O F  IMPEDANCE ELEMENT 
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C . DESIGN CALCULATIONS 

The f i r s t - o r d e r  d e s i g n  i s  ex t remely  s i m p l e  and f o r  most c o n f i g u r a t i o n s  
y i e l d s  r e s u l t s  w i t h i n  s e v e r a l  p e r c e n t  of a c t u a l  d e s i g n  v a l u e s .  Cons ide r  

t h e  c o r e  c o n f i g u r a t i o n  a s  shown i n  F i g u r e  2.  The r e l u c t a n c e  of t h e  magne t i c  

p a t h  is:  

where !LM = l e n g t h  of p a t h  i n  magne t i c  m a t e r i a l  

!LA = l e n g t h  of p a t h  i n  a i r  

p~ 
= p e r m e a b i l i t y  of magne t i c  m a t e r i a l  

uA = p e r m e a b i l i t y  of a i r .  

I f  t h e  p of t h e  magne t i c  m a t e r i a l  i s  1000 t i m e s  t h a t  of a i r ,  t h e n  f o r  an  a i r  
gap t h a t  i s  more t h a n  1 /100  of t h e  magne t i c  p a t h  l e n g t h ,  t h e  r e l u c t a n c e  and 
hence  t h e  i n d u c t a n c e  of a  winding on t h e  c o r e  i s  dominated by t h e  a i r  gap. 
Thus, f o r  o u r  purposes  where t h e  a i r  gap and magne t i c  m a t e r i a l  p a t h s  a r e  
known t o  have abou t  t h e  r i g h t  r e l a t i o n s h i p s ,  t h e  f i r s t - o r d e r  d e s i g n  p roceeds  
on t h e  b a s i s  t h a t  t h e  a i r  gap dominates  complete ly .  T h i s  f a c t  i s  t r u e  up t o  
t h e  p o i n t  where t h e  d c  c u r r e n t ,  and hence  t h e  magne t i c  f l u x  d e n s i t y ,  becomes 
s o  l a r g e  t h a t  t h e  magnet ic  m a t e r i a l  s a t u r a t e s  and reduces  t h e  e f f e c t i v e  pe r -  
m e a b i l i t y  t o  a  v a l u e  s i g n i f i c a n t l y  l e s s  t h a n  1000. 

The d e s i g n  p rocedure  i s  t o  s e l e c t  t h e  v a l u e  of f l u x  d e n s i t y  (B gauss )  i n  
t h e  magne t i c  m a t e r i a l  a t  which t h e  i n c r e m e n t a l  p e r m e a b i l i t y  i s o r e d u c e d  by 
s a t u r a t i o n  t o  t h e  minimum a c c e p t a b l e  v a l u e .  The a i r  gap i n  t h e  magne t i c  
p a t h  i s  s e l e c t e d  s o  t h a t  t h e  maximum motor c u r r e n t  f o r  which t h e  i s o l a t o r  
must work, I produces  j u s t  t h i s  f l u x  d e n s i t y  i n  t h e  gap and i n  t h e  mag- 

0 '  
n e t i c  m a t e r i a l .  Because we a r e  d e a l i n g  w i t h  a  s i n g l e  t u r n ,  t h e  number of 
ampere t u r n s  becomes I,, t h e  f l u x  d e n s i t y  i s  B o ,  and t h e  magne t i c  f i e l d  
i n t e n s i t y  H i n  t h e  a i r  gap n u m e r i c a l l y  e q u a l s  Bo e x p r e s s e d  i n  o e r s t e d s  
(cgs  u n i t s ) .  The ampere t u r n s  p e r  i n c h  t h e n  become 

Thus the a i r  gap i s  g i v e n  by 

I0 
RA = - cm = 

I0 

B (2.54) i n c h .  
Bo - 0 

* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  a p p l y  t o  t h o s e  i n  t h i s  
Chap te r  u n l e s s  o t h e r w i s e  n o t e d .  
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Length  QM 

Cross Sect ion Area A 

FIGURE 2 TOROID WITH AIR GAP 
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A BOA 
The i n d u c t a n c e  i s  L = 7 = - 

l o  IO 

where A e q u a l s  f l u x  l i n k a g e s  i n  Weber t u r n s ,  I, i n  amperes,  and 
A i s  c r o s s - s e c t i o n a l  a r e a .  

Thus we can p l o t  t h e  i n d u c t a n c e  p e r  u n i t  a r e a  a s  a  f u n c t i o n  of I f o r  v a r i o u s  
c a n d i d a t e  m a t e r i a l s .  The Ferroxcube,  3C5 m a t e r i a l ,  can b e  o p e r a f e d  a t  2500 
gauss  and s t i l l  m a i n t a i n  s u f f i c i e n t  i n c r e m e n t a l  p e r m e a b i l i t y  f o r  t h e  a i r  gap 
t o  dominate.  A p l o t  of i n d u c t a n c e  p e r  s q u a r e  i n c h  of c r o s s - s e c t i o n  f o r  t h i s  
m a t e r i a l  i s  shown i n  F i g u r e  3. Using t h i s  p l o t  one can de te rmine  t h c  c o r e  
c r o s s - s e c t i o n  a r e a  r e q u i r e d  t o  meet a  s p e c i f i c  d e s i g n .  As a n  example, assume 
t h a t  t h e  i s o l a t o r  must f u n c t i o n  f o r  c u r r e n t s  up t o  400 amperes. From t h e  
p l o t  of  F i g u r e  3 ,  i t  i s  s e e n  t h a t  an  i n d u c t a n c e  of .4 m i c r o h e n r i e s  p e r  s q u a r e  
i n c h  i s  usab le .*  

The d e s i r e d  r e s o n a n t  impedance i s  20 ohms. For  a  Q of 1 0 ,  t h i s  impedance i s  
t e n  t i m e s  t h e  i n d u c t i v e  r e a c t a n c e  p rov ided  by t h e  c o r e  i t s e l f  a t  88kHz. Thus 
t h e  i n d u c t i v e  r e a c t a n c e  r e q u i r e d  of t h e  c o r e  i s  2  ohms, co r respond ing  t o  an 
i n d u c t a n c e  of 3 .58 m i c r o h e n r i e s .  The c r o s s - s e c t i o n a l  a r e a  r e q u i r e d  i s  t h u s  
9.2 s q u a r e  i n c h e s .  Were a r b i t r a r y  shapes  of f e r r i t e  m a t e r i a l  a v a i l a b l e ,  one 
cou ld  s e l e c t  t h e  shape  t h a t  would p r o v i d e  t h i s  c r o s s - s e c t i o n a l  a r e a  t o  b e s t  
match t h e  s p a c e  a v a i l a b l e  i n  a  locomot ive  f o r  i n s t a l l a t i o n .  For example,  a  
t o r o i d  of  o u t s i d e  d i a m e t e r  5", i n s i d e  d i a m e t e r  l", and a  l e n g t h  of 4.5" would 
p r o v i d e  t h e  r e q u i r e d  c o r e  c r o s s - s e c t i o n a l  a r e a .  S i m i l a r  c a l c u l a t i o n s  can b e  
performed f o r  b o t h  l a r g e r  and s m a l l e r  c u r r e n t  r a t i n g s .  

D. LABORATORY TEST DATA 

U n f o r t u n a t e l y ,  f o r  p r e s e n t  e x p e r i m e n t a l  i n v e s t i g a t i o n s ,  u s e  must be  made of 
a v a i l a b l e  c o r e s  which a r e  q u i t e  l i m i t e d  i n  t h e  s i z e s  and shape  f a c t o r s  t h a t  
a r e  a t t r a c t i v e  f o r  o u r  purpose .  W e  have done exper iments  on a v a i l a b l e  
s t a n d a r d  c o r e s .  The r e s u l t s  of  t h e s e  exper iments  a r e  shown i n  F i g u r e  4, 
which i l l u s t r a t e s  t h e  e f f e c t s  of t h e  s a t u r a t i o n  of a  f e r r i t e  c o r e  p a i r .  

These d a t a  were s u f f i c i e n t l y  encourag ing  t h a t  a  set  of tuned i s o l a t o r s  were 
assembled f o r  test  i n  a  l a b o r a t o r y  i n  p r e p a r a t i o n  f o r  f i e l d  e v a l u a t i o n  i n  
an  a c t u a l  t r o l l e y  phone system. The g o a l  was t o  a c h i e v e  a  20 ohms impedance 
a t  88kHz w i t h  a  bandwidth of 8.8kHz and a  d c  o p e r a t i n g  c u r r e n t  r a t i n g  of  400 
amperes. W e  b e l i e v e  t h a t  a  r a t i n g  of 400 amperes w i l l  s u f f i c e  f o r  many condi-  
t ions** ,a l though  i t  does  p r e c l u d e  o p e r a t i o n  d u r i n g  s t a r t i n g  and under  ex t remely  

*S imi la r  c a l c u l a t i o n s  were made f o r  powdered i r o n  and l a m i n a t e d  i r o n  c o r e s .  
The powdered i r o n  c o r e s  were r e j e c t e d  on t h e  b a s i s  of  e x c e s s i v e  c o s t .  Lamin- - - 

a t e d  c o r e s  w i t h  4  m i l  and 2  m i l  t h i c k  l a m i n a t i o n s  were purchased  and t e s t e d  
a s  were t h e  f e r r i t e  co res .  The l amina ted  c o r e s  were t h e n  r e j e c t e d  because  
t h e i r  i n a d e q u a t e  Q f a c t o r  r e q u i r e d  an e x c e s s i v e  number of  t h e  expens ive  c o r e s  
t o  a c h i e v e  t h e  d e s i r e d  impedance. 

** See n o t e  on f i r s t  page o f  t h i s  Chap te r .  
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heavy l o a d ' c o n d i t i o n s .  The system w i l l  n o t  b e  damaged by much l a r g e r  
c u r r e n t s  b u t  w i l l  merely  be  detuned from 88kHz. The i s o l a t e r  u n i t  w a s  
comprised of  s i x  U s e c t i o n s  and s i x  I s e c t i o n s  o f  a s t a n d a r d  commercial 
f e r r i t e  c o r e  as shown i n  F i g u r e  5 .  The c o n f i g u r a t i o n  of  t h e  i s o l a t o r  
is  i l l u s t r a t e d  i n  F i g u r e  6 .  For t h i s  c o n f i g u r a t i o n  t h e  r e l u c t a n c e :  

1 R = - A (?+Pn) and 
v~ 

The magnet ic  material p a t h  l e n g t h  kM i s  10 .5  i n c h e s ,  p~ i s  assumed t o  b e  
1500, and A is  1 s q u a r e  i n c h .  

A p l o t  of t h e  c a l c u l a t e d  and measured i n d u c t a n c e  f o r  a  s i n g l e  p a i r  of t h e s e  
c o r e s  is  shown i n  F i g u r e  7. The Q when tuned t o  88kHz was between 20-30. 
The measured v a l u e  of i n d u c t a n c e  i s  h i g h e r  than  t h e  c a l c u l a t e d  f o r  most 
p o i n t s .  T h i s  can b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  r e l a t i v e l y  l a r g e  a i r  
gaps cause  p a r t  of t h e  f l u x  t o  f o l l o w  p a t h s  o u t s i d e  t h e  a i r  gap. These 
u n c e r t a i n t i e s  mean t h a t  w h i l e  t h e  formulas  d i s c u s s e d  above a r e  u s e f u l  i n  
de te rmin ing  t h e  nominal v a l u e s  of  c i r c u i t  pa ramete rs ,  t h e i r  e x a c t  v a l u e s  
w i l l  have t o  b e  determined emper ica l ly .  An o p t i o n a l  r e s i s t o r  may b e  added 
i n  p a r a l l e l  w i t h  t h e  t u n i n g  c a p a c i t o r  t o  a d j u s t  t h e  Q downward i f  d e s i r e d .  

E. CONCLUDING REMARKS 

An i s o l a t o r  made of Ferroxcube 3C5 f e r r i t e  t h a t  p rov ides  20 ohms impedance 
a t  88kHz i n  t h e  f a c e  of  400 amperes dc  c u r r e n t ,  w i t h  a  bandwidth of 8.8kH2, 
weighs 8 .7  l b s . ,  and has  o u t s i d e  dimensions of 4-1/2" x  4-1/4" x  6" when made 
of a v a i l a b l e  c o r e  p a r t s .  Th i s  i s o l a t o r  h a s  an opening of  1.25" x  2" a s  a  
passage  f o r  t h e  power c a b l e .  Cost  of t h e  c o r e  p a r t s  i n  s m a l l  q u a n t i t i e s  is  
$48. 

We recommend t h a t  exper iments  b e  done on a  t r o l l e y  phone system t o  t e s t  
i s o l a t o r  performance under  t y p i c a l  c o n d i t i o n s .  A minimum exper iment  would 
i n v o l v e  measuring t h e  t r o l l e y  l i n e  r f  v o l t a g e  as a  locomotive  p a s s e s  a  
measur ing s t a t i o n  f o r  d i f f e r e n t  l e v e l s  of locomotive  power, b o t h  w i t h  and 
w i t h o u t  t h e  r f  i s o l a t o r  d e s c r i b e d  above.* 

*A v e r y  s h o r t  exper iment  s i m i l a r  t o  t h i s  was performed a t  t h e  Bethlehem S t e e l  
Marianna Mine i n  E l l s w o r t h ,  Pennsy lvan ia  on a  50 ton  tandem locomotive .  Rf 
l i n e  v o l t a g e  was measured under s t a t i o n a r y  s i m u l a t e d  load  c o n d i t i o n s  of  apply- 
i n g  f u l l  power t o  1, 2 o r  4  motors w i t h  f u l l  b r a k i n g  a l s o  a p p l i e d .  F u l l  r E  
v o l t a g e  appeared a s  expec ted  under  no-load c o n d i t i o n s ,  b u t  dropped e s s e n t i a l l y  
t o  l e v e l s  ach ieved  i n  t h e  absence  of t h e  i s o l a t o r  under  a l l  t h r e e  l o a d  con- 
d i t i o n s ,  becasue  t h e  400 ampere s a t u r a t i o n  r a t i n g  w a s  exceeded f o r  a l l  3  l o a d s .  
F u r t h e r  d e t a i l e d  i n q u i r y  of mine o p e r a t o r s  and equipment manufac tu re r s  r e v e a l e d  
t h e  3000-4000 ampere l o a d s  t y p i c a l  of 50-ton locomotives  o p e r a t i n g  a t  275 v o l t s ,  
and l e d  t o  t h e  c o n c l u s i o n s  of t h e  a s t e r i s k e d  n o t e  on t h e  f i r s t  page of t h i s  
Chapter .  
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This core is 

manufactured in 3C5 ferrite material only. 
(See Section 1 for material characteristics) 

available in U-U and U-I configurations. 

(for a complete U-I core set, specify 

not available with bobbins or mounting 

When ordering cores, specify core part numb 

both part 

hardware. 

~er and ferrit 

U CORE, Part Number lF5  
I CORE, Part Number 185 

numbers) 

:e material. 
e.g.: 1F5-3C5 or 1B5-3C5 

HALF ACTUAL S I Z E  

CHARACTERISTICS 
& DIMENSIONS 

NOMINAL DIMENSIONS I N  INCHES 

SINGLE 
DIMENSION U CORE U-U U-l 

A 4.00 4.00 4.00 

B 1 .oo 1.00 1.00 

C 1.00 1.00 1.00 

D 1.25 2.50 1.25 

E 2.25 4.50 3.250 

F 2.00 2.00 2.00 

G 1 .oo 1.00 1.00 

AL m H  per 
1000 turns A 5 0 0  26900 27850 a 8 5 0  

2100 3000 
pe ref .  (min.) at 25OC at 1 OO°C 

1000 Gauss 2000 Gauss 

MECHANICAL CHARACTERISTICS 

CORE CONSTANT 

32.502. 23.102. 
930 grams 660srams 

Source: Ferroxcube Corp., Linear Ferrite Materials & Components Catalogue 

FIGURE 5 CORES USED I N  EXPERIMENT 
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FIGURE 6 CONFIGURATION OF CORES FOR ISOLATOR 
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ADDENDUM---FERRITE CHARACTERISTICS 

3C5 FERRITE 

3C5 MATERIAL 
A MnZn ferrite for high flux density applications. The losses 
and permability are controlled under high flux density, 
high temperature conditions. This will ensure proper per- 
formance in the actual applications. 

This 3C5 material is available in the largest standard core 
configurations produced by Ferroxcube. 

Ava~lable In 
TOROIDS 
E, U & I CORES 

3C5 CHARACTERISTICS 

Parameters shown are typical values, based upon measure. 
merits of a 1" toroid. 

P ~ m e a b r l ~ t y  k > 3 0 0 0  
a1 25'C. 
8 - 1000 gauss 

at 100°C. > 4000 
€4 = 2 0 0 0  gauss 

Losses 
1 W ° C .  2 0 0 0  gauss 1 6 0  mW/CM1' 

Saturatmn Flux 8 s  3 8 0 0  gauss' 
D e n s ~ t v  at 25CC. 
H 2 oerneds 

Coercwe Farce H C  0 2 ocrncd'  

Curie Temperature c 3 2OO0C 

INITIAL PERMEABILITY (pol n. FREQUENCY 

I d lo5 lo6 I o8 
FREOUENCY IHzI 

A 
PERMEABILITY (pal  vs. FLUX DENSITY IS) 

INITIAL PERMEABILITY l k l  n. TEMPERATURE 

5 M 0 , 1 , 1 , 1 1 1 1 1 1  . . 

. . .  
. . . . .  

. . . . . . .  . . . . . . .  . . , .  
. . 

. . . . . . .  

-50 -25 0 25 50 75 100 125 150 175 200 
TEMPERATURE I'CI 

Source: Ferroxcube Corp., Linear Ferrite Materials & Components Catalogue 

1 4  
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3 C 5  FERRlTE 
CHARACTERISTIC CURVES 

TAN 6 
HYSTERESIS CURVE LOSS FACTOR (-----I n. FREQUENCY 

Po 

CORE LOSS n. FLUX DENSITY 

TAN 6 - 
DO 

lo3 1 0' lo5 lo6 
FREQUENCY (Hz) 

F L U X  DENSITY (GAUSS1 

Source: F e r r o x c u b e  C o r p . ,  Linear Ferrite Materials & Components Catalogue 
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111. A DIVERSITY METHOD FOR COMBATTING STANDING WAVE NULLS 

A s  d i scussed  i n  Sec t ion  F of Chapter I of t h i s  P a r t ,  unmatched loads  placed 
ac ros s  t h e  t r o l l e y  w i r e / r a i l  t ransmiss ion  l i n e  produce r e f l e c t i o n s  t h a t  
r e s u l t  i n  s t and ing  wave v a r i a t i o n s  i n  vo l t age ,  c u r r e n t ,  and impedance along 
t h e  l i n e .  I n  mines, t he se  loads  i nc lude  DC power s u b s t a t i o n s ,  pumps, motors 
of haulage v e h i c l e s ,  e t c . ,  d i s t r i b u t e d  along t h e  length  of t h e  t r o l l e y  r a i l  
network. An example of t h e  vo l t age  and c u r r e n t  s tanding  wave p a t t e r n s  pro- 
duced by a  s i n g l e  mismatched load ac ros s  a  l o s s l e s s  l i n e  is  shown i n  Figure l.* 
The magnitude of t h e  c u r r e n t  is g r e a t e s t  when t h e  magnitude of t h e  vo l t age  is  
s m a l l e s t ,  and v i c e  v e r s a ;  t h e  r e p e t i t i o n  per iod of t h e  p a t t e r n s  i s  a  h a l f  wave 
l eng th  (approximately one mi le  a t  100 kHz) and t h e  r a t i o  of maximum t o  minimum 
magnitudes, VSWR,** ( t h e  vo l t age ,  o r  c u r r e n t ,  s tanding  wave r a t i o )  i n d i c a t e s  
t h e  degree of mismatch between t h e  l oad ,  Z L ,  and t h e  l i n e  c h a r a c t e r i s t i c  
impedance, Zo. 

T ro l l ey  w i r e  c a r r i e r  phones on mine v e h i c l e s  a r e  c a p a c i t i v e l y  coupled t o  t h e  
t ransmiss ion  l i n e  v i a  t h e  t r o l l e y  po l e  drop wi re .  Consequently, when a  vehi- 
c l e  moves i n t o  a  reg ion  conta in ing  one of t h e  vo l t age  minima depic ted  i n  
Figure 1, s i g n a l  r ecep t ion  may be s i g n i f i c a n t l y  degraded, and even l o s t ,  i f  
t h e  n u l l  i s  deep enough. I n  those  mines where t h i s  i s  a  s i g n i f i c a n t  and 
bothersome problem, i t  may be p o s s i b l e  t o  overcome i t  i n  an economical manner; 
namely, by us ing  modified c a r r i e r  phones t h a t  employ a  r e l a t i v e l y  s imple form 
of swi tch ing  divers i ty*** which takes  advantage of t h e  f a c t  t h a t  t h e  l i n e  
c a r r i e r  c u r r e n t  and, t h e r e f o r e ,  t h e  magnetic f i e l d  a r e  maximum when t h e  v o l t -  
age i s  minimum. The method c o n s i s t s  of adding a  second s i g n a l  s enso r ,  namely 
a  loop o r i e n t e d  f o r  maximum coupl ing t o  t h e  t r o l l e y  w i r e  magnetic f i e l d ,  and 
a  c o n t r o l l e d  swi tch  t h a t  a p p l i e s  t h e  loop vo l t age  t o  t h e  c a r r i e r  phone r e c e i v e r  
i npu t  whenever t h e  vo l t age  from t h e  drop wi re  c a p a c i t i v e  pick-off f a l l s  below 
a p r e s e t  r e f e r ence  t h r e sho ld .  The swi tch ing  process  is  reversed  when t h e  
loop vo l t age  f a l l s  below t h e  t h r e sho ld .  

Figure 2 d e p i c t s  i n  b lock  diagram form t h e  b a s i c  elements t h a t  need t o  be 
added (dashed l i n e s )  t o  t he  p re sen t  c a r r i e r  phones t o  provide t h i s  swi tch ing  
d i v e r s i t y .  A s  shown, t h e  c a r r i e r  s i g n a l ,  V 1 ,  from one of t h e  s enso r s  i s  
app l i ed  t o  t h e  c a r r i e r  phone r e c e i v e r  through t h e  d i v e r s i t y  swi tch .  I n  addi- 
t i o n  t o  t h e  r e c e i v e r ' s  normal ope ra t i ons ,  t h e  amplitude of t h i s  s i g n a l  i s  
measured by means of an envelope d e t e c t o r  and then  compared with an app rop r i a t e  
p r e s e t  r e f e r ence  t h r e sho ld .  Whenever t h e  s i g n a l ,  V 1 ,  f a l l s  below t h i s  th res -  
h o l d ,  t h e  l o g i c  sends a swi tch ing  c o n t r o l  s i g n a l  t o  t h e  d i v e r s i t y  swi tch ,  

* References t o  F igures ,  Tables ,  and Equations apply t o  those  i n  t h i s  Chapter 
un l e s s  o therwise  noted.  

** On a  l o s sy  l i n e ,  t h e  VSWR w i l l  even tua l ly  decrease  t o  a va lue  of u n i t y  as 
one moves f u r t h e r  away from t h e  l oad ,  because t h e  r e f l e c t e d  wave gradua l ly  
becomes n e g l i g i b l e  compared wi th  t h e  i n c i d e n t  wave a s  a  r e s u l t  of t h e  l i n e ' s  
a t t e n u a t i o n .  

*** Severa l  types of  space,  f requency,  and p o l a r i z a t i o n  d i v e r s i t y  r ecep t ion  
techniques a r e  commonly used i n  mobile and point- to-point  communications. 
The swi tch ing  d i v e r s i t y  technique d iscussed  h e r e  appears  t o  be t h e  most 
s u i t e d  t o  t h e  mine c a r r i e r  phone a p p l i c a t i o n  from t h e  s t andpo in t s  of s i m -  
p l i c i t y ,  economy, and performance. 
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FIGURE 1 SAMPLE VOLTAGE AND CURRENT STANDING 
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which i n  t u r n ,  connects  t h e  o u t p u t ,  V2, of  t h e  o t h e r  s enso r  t o  t h e  r e c e i v e r  
i n p u t .  S p e c i a l  f i l t e r i n g  o r  i n t e g r a t i o n  may a l s o  be r equ i r ed  i n  t h e  com- 
p a r a t o r  t o  avoid f a l s e  swi tch ing  caused by impuls ive n o i s e  t r a n s i e n t s  on 
t h e  t r o l l e y  l i n e .  This  swi tch ing  process  i s  repea ted  whenever t h e  app l i ed  
c a r r i e r  v o l t a g e  f a l l s  below t h e  t h r e sho ld .  

Pre l iminary  c a l c u l a t i o n s  i n d i c a t e  t h a t  loop s enso r s  w i th  equ iva l en t  c ross -  
s e c t i o n s ,  NA, of  1-to-10 square  me te r s ,  should prov ide  loop pick-up v o l t a g e s  
w e l l  above 10 mv f o r  t y p i c a l  t r o l l e y  w i r e  c a r r i e r  c u r r e n t s  of about 0.5- 
to-1 ampere. Although loop o r i e n t a t i o n  f o r  maximum response w i l l  b e  some- 
what i n f l uenced  by t h e  hau lage  v e h i c l e  m a t e r i a l  and s t r u c t u r e ,  b e s t  r e s u l t s  
should be ob ta ined  when t h e  t r o l l e y  w i r e  l i e s  i n ,  o r  n e a r  t o ,  t h e  p l ane  o f  
t h e  loop.  Loops loaded w i th  magnetic m a t e r i a l ,  such as f e r r i t e ,  should 
probably be  avoided because of  t h e  presence of h igh  DC background magnetic 
f i e l d s  which may s a t u r a t e  such m a t e r i a l s .  I n  f a c t ,  a  r e c t a n g u l a r  mul t i - tu rn  
a ir  co re  loop of heavy c o n s t r u c t i o n ,  a t t a c h e d  t o  t h e  v e h i c l e  w i t h  t h e  s h o r t  
dimension v e r t i c a l  and t h e  long  dimension running t h e  l eng th  a v a i l a b l e  on 
t op  of t h e  v e h i c l e ,  may o f f e r  t h e  r i g h t  combination of performance, conven- 
i e n c e ,  and ruggedness.  

Fu r the r  i n v e s t i g a t i o n ,  i n c l u d i n g  exper iments ,  i s  r equ i r ed  t o  d e f i n e  t h e  most 
s u i t a b l e  loop  s enso r  s i z e  and con f igu ra t i on ,  and t o  a s s e s s  t h e  e f f e c t i v e n e s s  
and p r a c t i c a l i t y  of t h e  above desc r ibed  swi t ch ing  d i v e r s i t y  method f o r  a p p l i -  
c a t i o n  t o  mine hau lage  v e h i c l e s  f o r  improving t ransmiss ion  a s  w e l l  a s  recep- 
t i o n  performance. F i n a l l y ,  t h e  mine c a r r i e r  phone a p p l i c a t i o n  may w e l l  l end  
i t s e l f  t o  t h e  s imp le s t  embodiment of t h i s  d i v e r s i t y  method, namely, a  com- 
p l e t e l y  manual swi tch ing  ope ra t i on .  This  p o s s i b i l i t y  a r i s e s  because of t h e  
gradua l  manner i n  which t h e  communication performance w i l l  be  degraded a s  
t h e  hau lage  v e h i c l e  approaches n u l l  r eg ions ,  as opposed t o  t h e  f a s t  f ad ing  
phenomena experienced w i th  s u r f a c e  mobile communications a t  much h i g h e r  
f r equenc i e s .  I n  t h i s  manual mode, t h e  on ly  mod i f i ca t i ons  r equ i r ed  w i l l  be 
a s s o c i a t e d  w i th  t h e  a d d i t i o n a l  loop a t t a c h e d  t o  t h e  v e h i c l e  and an appro- 
p r i a t e  mechanical swi tch  t h a t  t h e  v e h i c l e  ope ra to r  can throw when t h e  
r e c e p t i o n  i s  poor o r  nonex i s t en t  on one of t h e  s e n s o r s .  I n  f a c t ,  t h i s  
rudimentary con f igu ra t i on  should prov ide  a s imple  and qu ick  way t o  check 
t h e  p r a c t i c a l  f e a s i b i l i t y  of  t h i s  t ype  of d i v e r s i t y  i n  o p e r a t i o n a l  mine 
environments and w i th  c u r r e n t l y  i n s t a l l e d  c a r r i e r  phones on mine haulage 
v e h i c l e s .  

Arthur D Little, Inc 




